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In situ TEM study of the transitions between crystalline Si and
nonstoichiometric amorphous oxide under bipolar voltage bias
Abstract
The electrical responses, either structurally or chemically, at the interface between a SiO2 thin film and a
single crystalline Si substrate are an important research subject in Si-based devices. Dielectric breakdown-
induced epitaxial migration of Si into SiO2 has been reported as a degradation mechanism in field effect
transistors. Here, we show a direct observation of electric field induced conversion of single crystalline Si to
nonstoichiometric amorphous oxide starting from the Si/native oxide interface using in situ transmission
electron microscopy. We further show that nanocrystalline Si can form in the amorphous oxide under a
voltage bias of reversed polarity. Electron energy loss spectroscopy and energy dispersive X-ray spectroscopy
analyses indicate that the observed amorphization process was caused by the oxidation of Si and the
recrystallization process was caused by the reduction of nonstoichiometric amorphous silicon oxide. Both
transitions are a result of field-driven directional migration of oxygen which originally comes from its native
oxide layer.
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ABSTRACT
The electrical responses, either structurally or chemically, at the interface between a SiO2 thin film and a single crystalline Si substrate are an
important research subject in Si-based devices. Dielectric breakdown-induced epitaxial migration of Si into SiO2 has been reported as a deg-
radation mechanism in field effect transistors. Here, we show a direct observation of electric field induced conversion of single crystalline Si
to nonstoichiometric amorphous oxide starting from the Si/native oxide interface using in situ transmission electron microscopy. We
further show that nanocrystalline Si can form in the amorphous oxide under a voltage bias of reversed polarity. Electron energy loss spectro-
scopy and energy dispersive X-ray spectroscopy analyses indicate that the observed amorphization process was caused by the oxidation of Si
and the recrystallization process was caused by the reduction of nonstoichiometric amorphous silicon oxide. Both transitions are a result of
field-driven directional migration of oxygen which originally comes from its native oxide layer.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5100310
I. INTRODUCTION
Structural and chemical evolutions at the interface between a
conducting electrode and a dielectric oxide under extreme electric
fields are both scientifically interesting and technically important.1–4
A quintessential case is the Si/SiO2 interface due to the widespread
application of silicon-based microelectronic devices.5–13 For example,
in metal-oxide-semiconductor field effect transistors (MOSFETs), the
Si/SiO2 interface is where the inversion layer forms (which allows
current to pass between source and drain terminals) and can
influence the performance and stability of MOSFETs.7,8 In the
emerging field of resistive switches, SiO2 showed promise among
other oxides and its switching mechanisms are associated with
the formation of conductive Si filaments in the SiO2 matrix.
12,13
To achieve predictable performance of electronic devices involv-
ing Si/SiO2 interfaces, a fundamental understanding of the inter-
face’s response under various conditions (e.g., extreme electric
fields) is necessary.
Many of the dielectric breakdown studies on MOSFETs have
confirmed the epitaxial growth of Si in SiO2 to be one of the major
defects associated with failure.7,10,11,14 For example, Tung et al.
reported the polarity-dependent dielectric breakdown-induced epi-
taxial growth of Si in a thin amorphous SiO2 layer sandwiched
between single crystalline Si and polycrystalline Si.14 Similarly, the
formation of Si nanocrystallites and their subsequent growth into
conductive filaments in amorphous SiO2 under voltage bias has
been repeatedly reported.12,13 However, the conversion of single
crystalline Si to a nonstoichiometric amorphous silicon oxide
under voltage bias has not been reported previously.
In this work, we employed a Hysitron PI 95 specimen holder
(Bruker®) to investigate the response of Si to voltage biases of
different polarity. A wedge shaped Si substrate with a layer of native
oxide was used. The Si wedge substrate was etched using KOH/iso-
propanol solution to obtain a sharp edge. The tungsten probe was
electropolished to have a tip radius around 25 nm and was posi-
tioned by piezoelectric stacks to form a point contact at the wedge
edge (Fig. 1). The bias voltage was applied through a source-meter
(model 2602B, Keithley®) with the tungsten probe grounded all the
time, so the direction of the electric field in the native oxide layer
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and Si was determined by the polarity of the bias voltage. In situ
transmission electron microscopy (TEM) experiments15 were
carried out on an FEI Tecnai F20 microscope operated at 200 kV.
The experimental setup illustrated in Fig. 1 has two main advan-
tages for in situ TEM electric biasing studies. First, the wedge edge
has a very thin cross-section to allow electrons to pass through
without resorting to a focused ion beam system for thinning which
is known to damage and/or contaminate the surface of the sample.
Second, the volume of the material in contact with the probe tip
experiences the highest electric field so that field-induced events, if
any, always occur within the area of view.
II. RESULTS AND DISCUSSION
As shown in Figs. 2(a) and 2(e), the pristine Si wedge substrate
consists of single crystalline Si (“crystalline Si”) and a layer of 5 nm
thick, amorphous native oxide. The measured lattice spacing in the
crystalline region is 0.32 nm, corresponding well to the (111) plane
of Si.12 Due to the geometric effect, the crossover of the native
oxide layer on the two sides of the wedge makes it thicker at the
edge than the oxide on a flat Si crystal (typically 2–3 nm). After
applying +6 V to the Si substrate (i.e., a positive bias) for 5 s, the
crystalline Si region next to the native oxide layer became amorph-
ized [Fig. 2(b)]. The amorphization process of single crystalline Si
was recorded in situ as shown in Fig. 2(b) (Multimedia view). In
approximation, the corresponding electric field across the native
oxide layer is 1.2 V/nm if the voltage drop in the crystalline Si is
ignored; this value is in the same order of magnitude as the dielec-
tric breakdown strength of intrinsic SiO2 (0.5–1.5 V/nm). The
amorphized region can expand further upon applying the positive
bias of +6 V for another 5 s [Figs. 2(c) and 2(f )]. Recorded in situ
observation of the amorphized region, which continues to expand
under the same bias, is shown in Fig. 2(c) (Multimedia view).
We then reversed the voltage polarity by applying −5 V (i.e., a
negative bias) to the Si substrate. As a result, the middle part of the
amorphous region recrystallized to form multiple nanograins with
the residual amorphous phase in their intermediate region [Figs. 2(d)
and 2(g)]. The recrystallization process of the amorphized region and
emergence of nanocrystalline Si is also recorded in situ in Fig. 2(d)
(Multimedia view). Fast Fourier transform (FFT) confirmed the
nanocrystalline nature of the recrystallized region [inset of Fig. 2(g)].
Based on the polarity-dependent phase transformation in the present
study, we conjectured the amorphized region to be nonstoichiometric
silicon oxide (SiOx) and the recrystallized nanograins to be Si.
The four different regions mentioned above, namely, “crys-
talline Si,” “native oxide,” “amorphous,” and “nanocrystalline”
(the latter two correspond to the amorphized and recrystallized
regions, respectively) were marked in Figs. 3(a) and 3(b). Visually,
the amorphous region appeared as an expansion of the native
oxide [Fig. 3(a)] and the upper part of the recrystallized region was
epitaxially grown on the crystalline Si [Fig. 3(b)]. At the periphery
of the amorphous region, the original crystalline Si appears defec-
tive [“defective region,” Fig. 3(b)].
Next, compositional analysis was carried out in the four regions
using both electron energy loss spectroscopy (EELS) and energy dis-
persive X-ray spectroscopy (EDS). EELS analysis shows the existence
of two valence states: Si0 (101 eV) and Si4+ (108 eV) in the pristine Si
wedge, confirming the existence of SiO2 in the native oxide [Fig. 4(a)].
As native oxide exists on the entire exterior of the wedge, crystalline
Si also contains Si4+ peak while the Si0 peak in the native oxide is due
to beam broadening. Shifting of the Si0 peak to a higher energy in the
“amorphous” and “nanocrystalline” regions indicates the oxidation
of the crystalline Si upon applying positive bias, consistent with
the valence change caused by oxygen migration.16,17 However, the
overlap of the amorphous and nanocrystalline regions along the
electron beam made it difficult to distinguish the amorphous and
nanocrystalline phases by EELS.
On the other hand, the relative Si and O atomic concentrations
can be readily quantified from the EDS spectra as the Si and O Kα
peaks are sharp and discrete [Fig. 4(b)]. We used the TEM Imaging
and Analysis software (FEI®, version 4.12) and the k-factors of
1.000 and 1.889 for Si and O, respectively, to quantify the atomic
fractions of Si and O. We then included a systematic error of 2.5%
which is generally accepted for EDS analysis.18 The Si:O atomic
ratios of different regions were then normalized in the way that the
native oxide’s Si:O = 0.5 [Fig. 4(c)]. In comparison, the Si:O of the
amorphous region is close to that of native oxide, while the Si:O of
nanocrystalline region is close to that of crystalline Si, supporting
the hypothesis that it is the directional flow of oxygen under
bipolar electric fields that induces the conversion between crystal-
line Si and nonstoichiometric amorphous silicon oxide.
FIG. 1. Schematic diagram of the testing system setup. The Hysitron PI 95 S/TEM
specimen holder is equipped with customized electrical characterization module.
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One abnormal feature we noticed about the spectra is the sig-
nificantly high content of Si. To confirm that this is from the adja-
cent crystalline Si substrate which occupies an extremely large
portion in the sample and not an error from the detector, we
annealed an identical Si wedge sample in air at 750 °C for 1 h which
formed a layer of 25–30 nm thick oxide at the wedge edge. We then
used the same experimental condition to measure the Si:O atomic
ratio at the edge of the oxide layer and the region close to the Si/
SiO2 interface. The results are shown in Table I. The Si:O ratio at
the edge is close to 0.51 while it increases by 25% at the region close
to the Si/SiO2 interface. This confirms that the adjacent crystalline
Si has a significant effect on the Si peak collected in the oxide layer.
The postscattering of the X-rays from the nearby region is a
common phenomenon in TEM elemental analysis and the very
small amount of the native oxide layer compared with the crystalline
Si in our sample exaggerated the postscattering effect. However, the
trend of Si:O ratio change after amorphization and recrystallization
is statically significant and not affected by the postscattering effect.
Last, the defective region which appeared after application of a posi-
tive bias [Figs. 5(a)–5(b)] underpins the oxidation of crystalline Si
to be responsible for the amorphization process under an electric
field. The Pilling-Bedworth ratio of Si is 2.15, so oxidation of crys-
talline Si will result in volume expansion and subsequent complex
stresses within its crystalline matrix. After applying a negative bias,
the area of the defective region changed [Fig. 5(c)], implying
another volume change upon recrystallization. Previous in situ
TEM studies of single crystalline Si under compression showed the
generation and accumulation of stacking faults and dislocations
which serve as nucleation sites for amorphization.19,20 High reso-
lution imaging of the defective region confirmed the presence of
stacking faults [Fig. 5(d)]. Since the defective region in crystalline
Si appears close to the amorphous/crystalline interface, it is likely
that the defective region could serve as the precursor for convert-
ing crystalline Si to amorphous oxide.
The observations made here suggest that under the positive
bias voltage, oxygen anions migrate from the native oxide layer and
diffuse into the crystalline Si region. It should be noted that the
electrostatic force works in synergy with the electron wind force
created by the collision and momentum exchange21 between drift-
ing electrons and the activated oxygen ions that leads to the oxygen
FIG. 2. Amorphization and recrystalli-
zation of single crystalline Si under
bipolar voltage bias. (a)–(d) Low mag-
nification TEM micrographs showing
the amorphization of crystalline Si
[ from (a) to (b)] under a positive bias
indicated by the arrow, further growth
of the amorphized region [from (b) to
(c)], and recrystallization of the amorph-
ized Si [from (c) to (d)] under negative
bias. (e)–(g) High magnification TEM
micrographs of the regions indicated in
(a), (c), and (d). Insets show the FFT of
the corresponding micrographs. Note
that the arc shape of FFT in the inset of
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electromigration from the native oxide layer to the crystalline Si.
The oxidation of Si disrupts the ordered packing of Si atoms and
forms the partially oxidized amorphous phase. In the meantime,
significant volume expansion of the oxidized phase produces large
stresses at the amorphous/crystalline interface, forming high
density stacking faults to deform the crystalline Si. These stacking
faults, in return, facilitate the amorphization process. Therefore, the
oxidation due to oxygen migration into Si under the positive bias
voltage and the stacking faults due to the incompatible stresses
work synergistically toward the conversion of crystalline Si to non-
stoichiometric amorphous silicon oxides. Under the negative bias
voltage, oxygen is forced to migrate in the opposite direction to
leave the amorphized region. As a consequence, reduction of the
FIG. 3. Structural characterization of both the amorphized and recrystallized
regions. (a) TEM micrograph of the left bottom part of the Si wedge shown
in Fig. 2(c). (b) TEM micrograph of the right middle part of the Si wedge
shown in Fig. 2(d).
FIG. 4. Chemical characterization of both the amorphized and recrystallized
regions. (a) EELS spectra of the native oxide, crystalline Si, amorphous, and
nanocrystalline regions as shown in Fig. 2. (b) EDS spectra of the native oxide,
crystalline Si, amorphous, and nanocrystalline regions as shown in Fig. 2. (c)
Normalized atomic ratios between Si and O calculated from EDS spectra of
their corresponding regions indicated in Fig. 2. The error bars include both the
systematic and quantification errors.
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nonstoichiometric amorphous oxide occurs either to epitaxially
grow the crystalline Si or to form Si nanocrystals. The polarity
dependence of such structural/chemical responses of crystalline
Si to electric bias strongly indicates that the observed amorphization/
recrystallization is primarily driven by the bias electric fields. Such
an analysis is consistent with previous reports on the oxygen
migration in oxides under electric fields11,16,17,22 and the electro-
migration of oxygen across oxide interface.23
Amorphization of crystalline Si has previously been realized
using several different approaches, such as mechanical deformation
(e.g., nanoindentation, ball milling),19,24 laser heating,20,25 ion
implantation,26 MeV electron irradiation at low temperature,27 and
Li insertion in Si.28 In our case, besides the applied electric field,
Joule heating (which melts Si), and compressive stress due to the
probe contact are also present, but they do not show polarity and
can be excluded as the primary cause of the polarity-dependent
TABLE I. Quantitative analysis of the EDS spectra.
Si (at. %) Error O (at. %) Error Si:O ratio Error Normalized Si:O ratio Error
Native SiO2 65 3 35 3 1.9 0.2 0.50 0.05
Crystalline Si 94 3 6 3 16 8 4 2
Amorphous 83 3 17 3 4.9 0.9 1.3 0.2
Nanocrystalline 93 3 7 3 13 6 3.4 1.4
Annealed SiO2, edge 34 3 66 4 0.52 0.06
Annealed SiO2, interface 39 3 61 3 0.64 0.06
FIG. 5. Crystallographic defective region
at the periphery of the amorphous
region. (a)–(b) Low and high magnifica-
tion TEM micrographs of the amorphized
Si region after positive bias. (c) The
same defective region as (b) after apply-
ing negative bias. (d) High resolution
TEM image of the defective region indi-
cated in (c) showing the stacking faults
in the defective region.
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microstructural responses observed here. Electron beam irradiation
from the microscope can cause atomic displacements in silicon
oxide and potentially influence the amorphization and recrystalliza-
tion processes.29 However, no obvious structural changes were
detected when the sample was closely examined under the electron
beam and the amorphization and recrystallization transitions did
not occur until the applied voltage had reached a critical amplitude.
However, the possibility of synergistic effects induced by the TEM
electron beam has not been ruled out.
To further evaluate the Joule heating and stress effects, we
replaced the W probe with a Ag2Ga probe (purchased from
Nauganeedle Inc.), which has a melting temperature lower than
that of undoped single crystalline Si (980 °C vs 1415 °C), and a
stiffness lower than W. Upon applying a bias of +6 V, the Ag2Ga
probe triggered the same amorphization process in the crystalline
Si region without visible melting of the probe, implying that the
Joule heating is not sufficient to liquefy the crystalline Si region.
Also, in the absence of the electric bias voltage, conversion of
crystalline Si to nonstoichiometric amorphous silicon oxide did
not occur even when the Ag2Ga probe was significantly bent upon
touching the wedge, indicating that contact stress produced by the
probe alone did not trigger the amorphization process. It should
be made clear that during the biasing experiment shown in Fig. 2,
the W probe is just to make electric contact and any mechanical
contact force is intentionally minimized. While Joule heating and
compressive stress are not the primary cause, they may have assis-
ted the oxygen ion formation and migration during the amorph-
ization process. For example, Joule heating at the contact point
can cause decomposition of SiO2 which releases oxygen ions to
migrate under the electric field.
III. CONCLUSIONS
In summary, with the in situ TEM technique, we directly
observed the conversion of single crystalline Si to nonstoichio-
metric amorphous oxide under positive bias voltage, and the for-
mation of nanocrystalline Si out of the amorphous oxide under
negative bias in the Si/SiO2 system. Our data suggest the direc-
tional flow of oxygen to be the major mechanism for the
polarity-dependent phase transformations. Joule heating and/or
mechanical stresses may also have assisted the amorphization
process, but appear not to be controlling factors. These findings
will help with understanding the performance of electronic
devices involving metal/oxide structures.
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